We present an overview of the technique of spin-polarized scanning tunneling microscopy (Sp-STM) and its application to highresolution magnetic imaging. In STM, the electron density near the sample surface is imaged. Additionally, Sp-STM allows a mapping of the spin polarization of the electronic density, which is related to the magnetic configuration of the sample. Two primary imaging modes of Sp-STM are currently in use: the spectroscopic mode and the differential magnetic mode. The principles of the two modes are explained in the framework of imaging ferromagnetic nanostructures and antiferromagnetic surfaces. The advantages and drawbacks of the two approaches are discussed, and the strength of Sp-STM to map even complex spin structures on the nanometer scale is illustrated. 
INTRODUCTION
The magnetic properties of nanoscale magnets have been the focus of intensive research in the past few decades. On the one hand, the study of magnetism on the nanoscale has been a driving force for the revolutionary development of high-density magnetic storage devices, magnetic random-access memory (MRAM), and magnetic sensors (1-4). On the other hand, many fundamental issues regarding the physics of magnetism and antiferromagnetism are related to nanoscale properties. Questions about the magnetic anisotropy, magnetic ordering temperature, spin polarization, coercive fields and exchange bias, and micromagnetic configuration have been related to properties on the atomic scale (5-7). Although these aspects led to a convergence of experimental magnetism and ab initio theory (8), a local imaging technique to map magnetic properties in real space on the atomic level had been lacking until the development of spin-polarized scanning tunneling microscopy (Sp-STM). This real-space imaging technique enables one to explore magnetic structure down to the atomic level, to verify the theoretical predictions, and to place many phenomenological models on a solid microscopic base.
In scanning tunneling microscopy (STM), the electrons that tunnel between the tip and a conductive surface are used as a feedback parameter to position the tip. During scanning along lines in the constant current mode, the apex of the tip is held on equicurrent lines severalÅngstroms above the sample surface by the feedback mechanism. In the well-established Tersoff-Hamann model (9, 10), the constant current scan lines correspond to the lines of constant charge density of the sample surface. A plot of the z-coordinate, i.e., the vertical tip position regulated by the feedback as a function of the lateral position x and y, is therefore termed a topographic STM image and reflects the spatial distribution of the density of states of the electrons (11). In case of a sharp tip apex, individual atoms can be resolved in topographic images (12).
The above picture neglects the spin of the electron. For paramagnetic substances, this simplification is justified, as the electron density does not depend on the spin. For ferromagnetic or antiferromagnetic materials, however, the density of states is spinsplit into majority and minority states, and a net imbalance between the occupation of both leads to the development of a magnetic moment in the atoms. In Sp-STM the tip itself is spin polarized. Information on the spin polarization of the sample surface may be obtained via the spin-dependent tunneling process between tip and sample. If the spin-dependent part of the tunneling current can be separated, it is possible to obtain information on the magnetic configuration of a sample surface with the same lateral resolution as for topographic information, i.e., with atomic resolution. Thus, Sp-STM is the magnetic imaging technique with the ultimate lateral resolution, which is suitable for probing magnetism in nanostructures or even the magnetic configuration of antiferromagnets in real space. There are various approaches with which to separate the spin-dependent part from the spin-independent part of the tunneling current; the following section discusses two of these. After introducing in detail the principles of spin-polarized tunneling, we give examples for imaging both ferromagnetic and antiferromagnetic surfaces. Tunneling between two ferromagnetic electrodes that show a spin-split density of states N (↑ and ↓ indicate majority and minority states, respectively). In a the magnetization of the two electrodes is parallel, whereas it is antiparallel in b. The conductivities for tunneling from the left to the right electrode are indicated by arrows.
Exchange interaction:
quantum mechanical coupling between two spins. For ferromagnetic substances, a parallel alignment of spins is favored
TMR: tunneling magnetoresistance

Spin-Polarized Tunneling
The principle of operation of Sp-STM is based on the fundamental property of ferromagnets and antiferromagnets, i.e., that their magnetic moment is related to an imbalance in occupation of electrons of different spins. Owing to the quantum mechanical exchange interaction between electrons, the density of states splits up into minority and majority states, as shown in Figure 1a . The imbalance causes a spin polarization, in contrast to paramagnetic substances, in which the distributions of spin-up and spin-down electrons are identical. The splitting of the density of states has immediate consequences on the tunneling current, as Jullière (13) discovered. When electrons tunnel between two ferromagnets, the magnitude of the current is influenced by the magnetization of the two electrodes. The phenomenon was therefore referred to as the tunneling magnetoresistance (TMR) effect. In a magnetic tunneling junction, two magnetic electrodes are separated by a thin insulator. The tunneling conductance G depends on the relative orientation of the magnetization of the two electrodes. For parallel orientation, G usually is higher than for antiparallel orientation. This finding can be explained on the basis of a simple model for tunneling in which we neglect any spin dependence in the transmission through the barrier and focus solely on the electronic properties of the two electrodes. Under the assumption of a small bias voltage across the junction and in the absence of spin-flip scattering during the tunneling process, the electrons in the ferromagnets near the Fermi energy determine the tunneling conductance of the junction. For the parallel orientation, the majority/minority electrons of the first electrode tunnel into the majority/minority states, respectively, in the second electrode, as shown in Figure 1a . Per Fermi's golden rule, the conductance G is proportional to the density N of initial (i) and final ( f ) states at the Fermi edge. Upon the combination of both spin channels, the conductance for parallel-oriented magnetizations is given by
Sp-STS: spin-polarized scanning tunneling spectroscopy
For the antiparallel orientation, electrons of majority character in one electrode tunnel into states of minority character in the other electrode (cf. Figure 1b) , and the conductance is given by the mixed products
2.
These two conductivities generally are not identical, leading to a variation of the tunneling current with the magnetic configuration of the electrodes. Slonczewski (14) treated the problem of spin-polarized tunneling more rigorously. Neglecting higher-order spin effects, he calculated the dependence of G on the angle θ between the magnetization of the two electrodes. With the spin polarization P = (N ↑ − N ↓ )/(N ↑ + N ↓ ), the conductance is given by
Slonczewski's prediction for the angular dependence of the TMR effect was later experimentally confirmed (15) . If a finite bias is applied, all states between the two Fermi levels are involved in tunneling. They have to be weighted according to their tunneling probability through the barrier, which may depend on the energy or other parameters. This scenario is more complex, but G can be expressed using effective, i.e., correctly weighted, densities or polarizations.
THE TWO IMAGING MODES
In a conventional STM experiment, the tunneling current is used to extract information regarding the electronic density. In Sp-STM the TMR effect is used to obtain magnetic information from the tunneling current. Instead of a nonmagnetic tip, a spin-polarized tip (magnetic or antiferromagnetic) is used to map the magnetic surface. Therefore, one needs a method to separate magnetic and nonmagnetic information in the tunneling current to image topographic and magnetic properties of the sample surface separately. There have been several modes proposed to achieve this (16) . Some of them only partly separate the spin information from the topography (17), and some modes have not been of large success (18). In the following subsections, we restrict ourselves to discussing the two most important modes: the spectroscopic mode and the differential magnetic mode.
The Spectroscopic Mode
Under certain circumstances, the spectroscopic mode of Sp-STM allows one to separate topographic and spin information. This mode is also named spin-polarized scanning tunneling spectroscopy (Sp-STS). Although Pierce (16) proposed this mode in 1988, Bode et al. (19) first realized it ten years later. It uses the energy dependence of the spin polarization of the sample density of states. To illustrate the mode of operation, let us assume that the spin polarization of the tip does not depend on the energy, in accord with the Tersoff-Hamann model of STM. When the magnetic surface is imaged in the constant current mode, any variations of the conductance G Surface state: electronic state that is confined to the surface of a crystal due to the TMR effect according to Equation 3 are compensated by changes in the tip sample distance. As a result, the topographic image contains information both on the electronic density and on the spin. In Sp-STS, the feedback loop of the STM is then switched off, and U is varied, e.g., it is increased. As a consequence, the tunneling current changes. If the spin polarization of the sample increases with energy, the tunneling current for a parallel-oriented tip and sample magnetization increases more than for an antiparallel orientation, following Equation 3. Pierce (16) suggested that U can be varied significantly. Nevertheless, the imaging mode also works for low modulation of U. In this case, the variations in the tunneling current are proportional to the differential conductance dI/dU. In the pioneering experiment by Bode et al. (19) , the observed peak height of the spin-split surface state of Gd(0001) in laterally resolved dI/dU spectra was used to obtain magnetic information. The imaging mode is now widely used. Tips coated with a thin film of a ferromagnet or antiferromagnet are used as spin-polarized tips. This way, the magnetic stray field of the tips can be minimized or completely avoided (20, 21). The disadvantage of this mode is that the dI/dU signal in Sp-STS only weakly depends on magnetism. It depends much more strongly on general variations of the density of states caused by, e.g., compositional, structural, or morphological inhomogeneities of the sample. This limits the use of this approach to surfaces with a homogeneous electronic density of states.
The Differential Magnetic Mode
The differential magnetic imaging mode involves the use of a bulk ferromagnetic tip whose magnetization is modulated. Owing to the TMR effect, these modulations lead to modulations of the tunneling current that are related to the spin polarization of the sample. This mode's basic concept is directly related to Equation 3. In this mode, a magnetically bistable tip is used. The tip magnetization is periodically switched between the two stable configurations of opposite magnetization. This is equivalent to changing the sign of the spin polarization of the tip. In the experimental setup, the magnetization of the tip is reversed by an alternating current through a small coil that is fixed to the tip. The frequency of the alternating current lies above the cut-off frequency of the feedback loop of the STM (22). Thus, the feedback loop detects only the averaged tunneling current for the two spin polarizations (positive and negative) of the tip apex. As Equation 3 shows, in the time-averaged tunneling current I = I 0 , all spin-dependent currents cancel out such that that the constant current image contains no magnetic information. With a phase-sensitive lock-in amplifier, the alternating part of the tunneling current I , which is proportional to P i P f cos , is detected. This signal contains all the spin information. This way, topographic and spin information is strictly separated, and an image of the spin component along the magnetization axis of the tip can be recorded simultaneously with the topography (22). Magnetostriction of the tip during the reversal must be avoided in all cases. The early experiments of Johnson et al. (23) suffered from significant magnetostriction of the Ni tip so that no stable magnetic or topographic imaging was possible. The use of magnetostriction-free CoFeSiB tips finally allowed for magnetic imaging in the differential magnetic mode (22, 24). Depending on the shape of the STM tip, the Magnetic domain: region of homogeneous magnetization ML: monolayers magnetization direction and therefore the direction of spin sensitivity can be chosen. The use of a sharp and pointed tip allows the out-of-plane component of the spin polarization to be imaged (22). The use of a ring-shaped electrode, in which the magnetization lies tangential to the outer perimeter, allows the in-plane component of the spin polarization to be measured (24). Although these ring-shaped STM electrodes are not sharp on the mesoscopic scale, atomic resolution may be obtained on flat surfaces. The advantage of the differential magnetic mode is that, even when the electronic structure of the sample is arbitrary or varying, the spin polarization can still be measured. The disadvantage of this mode is that no magnetic fields can be applied to the sample during imaging, as this field would prevent the magnetic switching of the tip.
MAGNETIC NANOSTRUCTURES
Magnetic nanostructures are widely used in magnetic data storage, magnetic sensors, and possibly in future spintronic devices. For data storage, the information must be stored in an unambiguous way. To obtain reliable read-write processes, the particle should be a magnetically bistable system. Highest densities and best signals are obtained on single-domain particles. Therefore, the question of the single-domain limit in information storage is of practical importance. The formation of magnetic domains is often technologically undesirable. In soft magnetic nanostructures, many different states have been proposed, depending on the particle's shape and size (25). The different magnetic states originate from a competition between the magnetic stray field outside the particle and the exchange interaction within the particle. In small particles, the exchange interaction dominates, and the structure is single domain. In contrast, in larger particles, the tendency to reduce the stray field dominates, and magnetic closure patterns are formed. Although the phase diagram of magnetic states in nanostructures of various shapes has been studied from the theoretical approach, direct imaging of the single-domain limit has not been possible owing to the insufficient lateral resolution of magnetic imaging techniques. Similarly, elucidation of the fine structure of magnetization singularities and vortices, which are present in many flux closure configurations, has been out of reach of magnetic imaging techniques. Finally, structural defects also may influence the magnetic configuration on a local scale. Sp-STM is particularly useful in relating structure and magnetism on the atomic scale. Below we give several examples to illustrate the achievements of Sp-STM in magnetic nanostructures.
The Single-Domain Limit
Sp-STM, with its potentially atomic lateral resolution, offers the resolution necessary to determine the single-domain limit experimentally. Experiments were performed in ultrahigh vacuum with a cryogenic STM. W tips were coated with 10 monolayers (ML) of Fe to obtain in-plane spin contrast in the spectroscopic mode (26). The magnetic nanostructures were prepared by deposition of 4.7-6.5 ML of Fe on W(001), followed by annealing to 800 K. This resulted in the self-organized formation of 28). The peak height of the surface state in dI/dU spectra recorded with Fe-coated tips was used to obtain the relative orientation between tip and sample magnetization. For parallel magnetization of tip and sample, the peak in the dI/dU spectrum is maximal, whereas for antiparallel magnetization, it is minimal. Magnetic dI/dU images of two nanoislands below the single-domain limit. a vortex state but rather always showed a homogeneous contrast. This is consistent with single-domain islands.
From the magnetization pattern of many islands observed with Sp-STM, the experimental magnetic phase diagram shown in Experimental magnetic phase diagram (dots) compared with an analytical model (line).
The Structure of Vortex Cores
Vortices play a central role in flux closure patterns of magnetic nanostructures. In a disk-shaped magnet, the stray field is minimized when the magnetization lies tangential to the circumference in the plane of the disk. As the magnetization is a continuous vector field of the constant length of the saturation magnetization (| M| = M s ), a vortex poses a topological problem in its center. The solution is that the magnetization turns out of the plane in the center of the vortex, as has been observed, e.g., with magnetic force microscopy (31). In the vortex core, the dipolar stray field is increased. It is in competition with the exchange interaction such that the core diameter w d is given by w d = 2 2A/μ 0 M 2 s , which is below 10 nm in the case of Fe. Although this configuration was described in detail in micromagnetic models (32), the limited lateral resolution of magnetic imaging techniques did not allow for the resolution of the inner vortex structure. Moreover, Sp-STM using magnetic tips is not suited for resolving the vortex core, as the small stray field of the magnetic tip moves the extremely mobile vortex core such that it only appears blurred, as in Figure 2c . A solution to the magnetostatic interaction problem between tip and sample is to use a tip that shows a spin polarization but no net magnetic moment. This can be achieved in the spectroscopic mode by replacing the ferromagnetic tip with an antiferromagnetic tip. Although the latter shows no net magnetic moment and therefore no magnetic stray field, the last atom of the tip carrying the tunneling current may be spin polarized. A magnetic contrast was obtained with Cr-and Mn-coated tips without influencing the sample magnetization (20, 21).
Cr layers often show an out-of-plane sensitivity. Figure 5 shows a vortex in more detail. Whereas the in-plane magnetic signal of Figure 5b shows the circular arrangement of magnetic moments, the core of the vortex is magnetized out of plane, as revealed in Figure 5c as a black area. Through the use of antiferromagnetic tips, the core of the vortex was resolved (33). The observed line profiles (cf. Figure 5d ) agree well with those of micromagnetic calculations. The agreement shows that micromagnetic continuum theory reliably works even down to the range below 10 nm.
Atomic Steps as Pinning Centers for Domain Walls
Magnetization processes in low-dimensional magnetic systems like thin films, wires, and dots play a key role in magnetic recording and future spintronic devices like the MRAM. Magnetization reversal may involve nucleation and propagation of domain walls. Defects in thin films and nanostructures can pin the domain walls, and magnetic reversal may be impeded, affecting device performance. An understanding of the influence of defects [step edges of the substrate (34), constrictions in the magnetic nanostructures (35), etc.] is therefore of high interest and importance. Recent studies have shown that a high density of substrate step edges can lead to anisotropic domain wall propagation in thin magnetic films (34). Sp-STM, with its nanometer resolution in topography and spin, is especially suited for studying magnetic phenomena related to atomic defects. Free walls and walls pinned at atomic substrate steps can be compared directly. 
MOKE: magneto-optic Kerr effect
The experiments were done with a STM operating at 25 K in the spectroscopic mode. The magnetic Fe films were grown on clean W(001) substrates. Again, Fecoated W tips were used to obtain in-plane spin contrast (26) in Sp-STM. In spite of the large misfit of 10.4%, Fe grows pseudomorphically on W(100) up to 4 ML coverage. At 500 K and for coverages above 5 ML, cross-shaped islands are nucleated on a 2 ML carpet of pseudomorphic Fe (see Figure 6d ). Magneto-optic Kerr effect (MOKE) measurements showed that films up to 4 ML are in-plane magnetized with a fourfold magnetic anisotropy with easy axis along 110 .
As a first step toward Sp-STS, the local density of states of Fe structures was investigated. Figure 6a shows dI/dU spectra taken above 2, 3, and 4 ML films and cross-shaped islands (≈10 ML thick). We used specific electronic states to obtain magnetic contrast by means of Sp-STS, as displayed in the dI/dU spectra in Figure 6b . (a) dI/dU spectra taken above 2, 3, and 4 ML films and ≈10-ML-thick islands. (b) dI/dU spectra of two different magnetic domains on the 2 ML film. The peak at 0.25 V measured on thick islands corresponds to the well-known surface state of Fe(100). The spectra taken above the 3 ML and 4 ML islands show a peak and a shoulder at approximately 0.35 V. The spectrum taken above the 2 ML Fe film shows an occupied peak at approximately -0.1 V.
The spectra differ in peak height but not in peak position for parallel and antiparallel orientations of magnetization of tip and magnetic film. Second, we focus on free domain walls in 2-ML-thick Fe films. The topographic image of a 2.3 ML Fe (see Figure 7a) shows a continuous 2-ML-thick carpet of Fe and third ML islands as white dots. The dI/dU map of the same area (see Figure 7b) shows contrasts of different origin. The thickness-related contrast between the 2 ML film and the 3-ML-high islands is due to the different electronic structure: The dI/dU at 0.3 V for the 3 ML areas is higher than that for 2 ML areas (see Figure 7a) . Additionally, Figure 7b shows two magnetic domains that are intermediate and dark. Typically, at least three contrast levels were resolved in agreement with the fourfold anisotropy. The rotation angle of the wall can be determined from the contrast change. Figure 7c shows a line profile taken across a 90
• domain wall. A fit results in a wall width of w = 12.4 nm, a value that is five times lower than for bulk walls in Fe whiskers.
Whereas in bulk Fe Bloch walls are found, Néel walls are more favorable below a critical film thickness. In the limit of ultrathin films (thickness d w), the Néel wall width w of a 90
• wall is w = √ A/K , with the exchange constant A and the anisotropy
K (36). For a bulk 90
• Bloch wall, the width is given by the same equation. This allows for a direct comparison of the microscopic parameters of bulk and ultrathin systems.
The reduced wall width in 2 ML Fe on W(100) as compared with bulk Fe is due to two reasons. First, the anisotropy in the thin film case is larger (for bulk Fe K = 5.4 × 10 4 J m −3 , whereas we estimate ≈−1. Figure 7d shows an annealed film with islands. In between the islands, the substrate is covered by a continuous 2 ML Fe film. Figure 7e shows the local dI/dU signal of the same area. Again, the contrast in the dI/dU image between the islands and the 2 ML Fe film is due to the difference in their electronic structures. On the 2 ML film, several magnetic domains separated by 90
• domain walls can be seen; some of the walls are pinned at the step edges, as indicated by the arrows in Figure 7e . The line profile taken across the pinned domain wall (see Figure 7f ) indicates an even more reduced wall width of w = 4.6 nm. This further reduction can be explained by taking into account that the number of neighbors at the step edge of a 2 ML Fe film on W(100) is further reduced (37). Several next-nearest neighbors and nearest neighbors are missing at the step edge position. This reduces the exchange constant A. Additionally, the step edges induce a large magnetic anisotropy (38) localized at the step edge. Together both effects lead to the large observed decrease of the wall width. This also explains the pinning mechanism. If the wall is positioned above a step edge, the exchange energy is reduced.
Magnetic Configuration of Self-Organized Structures
Sp-STM in the spectroscopic contrast mode has been used in a variety of magnetic systems [Gd/W(110), Fe/W(110), Fe/W(100), Fe/Mo(110), and Co/Cu(111)] with ferromagnetic and antiferromagnetic tips that are sensitive to an in-plane or the outof-plane component of the spin polarization (19, 20, 29, 37, 39-42). The direction of sensitivity depends on the magnetization direction of the last atom, which can be partly controlled using surface and interface magnetic anisotropies. Similarly, the differential magnetic mode has been used to map an in-plane or the out-of-plane component of the spin polarization in Fe, Ni, and Co (24, 43, 44) . Out-of-plane contrast and in-plane contrast have been obtained with sharp, pointed tips and ring-shaped STM electrodes, respectively. Most studies have focused on the magnetic configuration of self-organized structures in the form of magnetic thin films or islands on nonmagnetic substrates. The domain structure within the islands and the relation of the magnetization of neighboring islands and stripes have been studied. The thermally activated switching of islands has been investigated, and the details of domain walls have been imaged. The field of nanomagnetism is capturing growing interest and currently expanding. More and more research groups have begun investigating magnetism, using Sp-STM.
ANTIFERROMAGNETIC FILMS
Antiferromagnets play an important role in pinning ferromagnets in spin-electronic devices such as hard-disk read heads, magnetic sensors, and future MRAM (7, 45).
Magnetic domain wall: the transition region between two domains
The spin structure of an antiferromagnetic surface is crucial for the exchange bias effect and is at the heart of understanding the coupling mechanism between the ferromagnet and antiferromagnet (46, 47) .
Most antiferromagnetic materials are compounds in which the cations are separated by distances that are much larger than atomic distances in ferromagnetic materials. The exchange interaction occurs indirectly via nonmagnetic anions such as O 2− , e.g., MnO and NiO. Only a few metals-such as Cr, Mn, and some rare earth metalspossess antiferromagnetism. Their antiferromagnetic properties differ considerably from those observed for compounds because the antiferromagnetic coupling happens within neighboring atoms via direct exchange. Domains are present in both ferromagnetic and antiferromagnetic materials. Antiferromagnetic domains, however, have a different origin than those in ferromagnetic materials. Whereas in ferromagnetism the formation of domains can reduce the magnetostatic energy, in antiferromagnetism the presence of domains only increases the exchange energy because of additional disorder. Crystallographic defects may be needed to form antiferromagnetic domain walls.
Traditional methods to study antiferromagnets, such as neutron diffraction, are usually bulk sensitive and operate in reciprocal space. The development of Sp-STM made it possible to study (a) the spin configuration of antiferromagnetic surfaces on the atomic level (9) and (b) antiferromagnetic domains, domain walls, and nonperiodic features. Below we give several examples of collinear and noncollinear antiferromagnetic surface structures and illustrate the role of defects and frustrations.
Layer-Wise Antiferromagnets
A prototypic layer-wise antiferromagnet is body-centered cubic (bcc) Cr (48) . Whereas Cr atoms within a (001) plane order ferromagnetically, neighboring (001) planes order antiferromagnetically. This was observed in early mixed topographic and spin images, using Sp-STM in the simple constant current mode (17). On this layerwise antiferromagnetic order, an inconsumerate spin wave that leads to long-range variations of the Cr moment is superimposed. Figure 8a shows a STM image of the topography of a clean Cr(001) surface consisting of atomically flat terraces separated by monoatomic step edges. According to the layer-wise antiferromagnetic order, neighboring terraces should have opposite spin polarization. Cr(001) displays a spin-polarized surface state near the Fermi edge (28), which can be used to obtain spin information in the spectroscopic mode of Sp-STM, employing an in-plane, magnetized, Fe-coated W tip. Figure 8b shows the dI/dU map of the same surface area. In the bottom part of the figure, the terraces show an alternating bright dark contrast, indicating the antiferromagnetic order. In addition, the central step disappears in the center of the image owing to a screw dislocation in the Cr crystal. This defect induces a frustration in the antiferromagnetic order, as there are three terraces in the top part and four terraces in the bottom part of the image. It is topologically impossible to keep an antiferromagnetic order of all terraces while keeping constant the spin polarization of each terrace. The solution to this topological problem is a frustration of the antiferromagnetic order by rotation of the spin polarization near the screw dislocation. This results in a gradual change of the spin signal from the top terrace around the dislocation to the lower terrace. Interestingly, the transition is smooth on length scales of 100 nm (49, 50) . This is in contrast to the quite similar spin structure of the vortex cores in Fe, for which the smooth rotation is observed only very near to the vortex core. Several tens of nanometers away, the rotation of magnetization is split up into domains and domain walls owing to the interplay of magnetic anisotropy and exchange. The absence of domain wall formation in Cr hints at a low magnetic anisotropy. Similar studies on thin Cr films on Au(100) with screw dislocations revealed a much narrower transition of the spin polarization close to screw dislocations, indicating that anisotropy was higher in thin films than in bulk Cr (51).
Antiferromagnetic Domain Walls
In contrast to Cr, Mn shows a variety of modifications. The stable bulk phase of Mn at room temperature is α-Mn, which has a cubic structure containing 58 atoms per unit cell. Various other structural phases of Mn can be stabilized at room temperature by epitaxial growth on different substrates (52) (53) (54) . Body-centered tetragonal (bct) Mn has been produced by epitaxial growth on Fe(001) with an in-plane lattice constant of Fe and an out-of-plane lattice constant that is 13% larger (55) . The bct phase persists up to thicknesses between 10 ML and 20 ML, depending on the growth conditions (56) . The bct Mn films show a layer-wise antiferromagnetic structure, as observed with Sp-STM in the spectroscopic mode through the use of Fe-coated W tips (21).
The simple, layer-wise antiferromagnetic order of Mn is pinned at the interface to Fe by the exchange interaction (56) . This interaction, together with the antiferromagnetic order, leads to a frustration in the spin structure when atomic steps are present in Fe (cf. Figure 9a) . At the step edge of the substrate, Mn layers of opposite spin polarization meet. This leads to a magnetic frustration similar to a 180
• domain wall in the Mn film. 
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Wulfhekel · Kirschner a buried Fe step edge is shown in Figure 9b for the topography and in Figure 9c for the corresponding spin signal measured in the differential magnetic mode via the use of a ring-shaped STM electrode. A buried Fe step edge is running almost vertically through the center of the image. The line profile in Figure 9d shows a step of monatomic height between two different Mn terraces (≈0.16 nm) and a step of subatomic height (≈0.018 nm) at the position of a buried Fe step edge. The latter is caused by the different lattice constants of Fe and Mn. In Figure 9c the layer-wise antiferromagnetic order between the Mn islands and the Mn layer underneath is clearly visible. Following the way of the buried Fe step edge, a magnetically frustrated region is found in the spin signal, where a reversal of contrast appears. Figure 9e presents an averaged line profile across the topologically enforced magnetic frustration at the position of the box in Figure 9c . The measurements indicate that the magnetic frustration has a certain lateral extension. To estimate the wall width at the surface, the experimental profile is fitted with a tanh(x/w) wall profile. The resulting width (2w) in this case was 4.6 ± 0.2 nm. A systematic study of the wall width as a function of the Mn film thickness has shown a linear widening of these regions with increasing Mn film thickness, which reflects an isotropic exchange interaction in the antiferromagnet (57) .
A magnetic frustration in a layered antiferromagnet due to the exchange interaction with a ferromagnet is discussed above. The frustration is a topologically enforced domain wall, but the widths of the frustration are narrower than conventional domain walls in antiferromagnets. Domains walls in compensated antiferromagnets can also be present owing to a shift of the antiferromagnetic order by a primitive vector of the structural unit cell, as has been observed using Sp-STM on the c(2 × 2) antiferromagnetically ordered Fe ML on W(100) in the constant current mode (58) .
Noncollinear Antiferromagnetism
The antiferromagnetic structures described above are all collinear systems; i.e., the magnetic moments of the atoms within the magnetic unit cell point in opposite directions but along one axis. If more than two magnetic atoms are present in the unit cell, a second option exists: The total magnetic moment in the unit cell is compensated, but the individual magnetic moments lie on different axes. In this case, the spin configuration is noncollinear. A much larger variety of configurations is possible in this case such that in general these systems are much more complex than collinear spin structures. A fundamental problem arises when imaging noncollinear spin configurations with Sp-STM. The instrument is sensitive to only one component of the spin polarization. At least two components of the spin polarization are necessary to decide whether or not the structure is collinear.
In the case of Mn on Fe(001), the bct configuration is stable only up to ≈ 20 ML. Thicker films show a complex reconstruction. The reconstruction is accompanied by a roughening of the film, as shown in Figure 10a . Islands several nanometers high are formed. On top of the islands, a fine reconstruction pattern with a unit cell of 
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Wulfhekel · Kirschner ≈9 × 18Å is found in the form of regular lines. Four equivalent domains exist on the surface owing to the fourfold symmetry of the Fe(001) substrate. The spin image recorded at the same time, using ring-shaped STM electrodes in the differential magnetic mode, shows a fine structure of the same unit cell on the islands (cf. Figure 10b) . As the ring magnetization lies tangential to the ring and in the ring plane, the direction of the in-plane sensitivity of the ring is well defined.
The Fe substrate can be rotated by 90
• , and a second image of the spin structure of the four reconstruction domains can be taken. The spin structure observed with Sp-STM depends on only the relative orientation of the ring with respect to the reconstruction lines and is not related to the Fe orientation; i.e., the spin structure is determined only by the structure of the reconstruction. This allows one to combine data from two reconstruction domains of orthogonal line directions (see Figure 11a ,b) to build a vector map of the surface spin polarization, as depicted in Figure 11c . The spin structure is noncollinear, as the vector directions show. Even the size of the in-plane spin polarization varies within the unit cell (Figure 11c) . The noncollinearity is also reflected by the different patterns of the two orthogonal measurements in Figures 11a and b . For a collinear spin structure, the same pattern but of different intensities should be observed. Owing to the well-defined direction of sensitivity when ring-shaped STM electrodes are used, it is possible to detect noncollinear spin structures (59) . 
CONCLUSION
Sp-STM has evolved into a reliable and versatile tool for mapping atomic spin structures of ferromagnetic nanostructures and antiferromagnetic films with its different imaging modes. It can map the in-plane and out-of-plane components of spin polarization. Its superior lateral resolution and sensitivity have opened up a passway to study magnetism on its intrinsic scale. A fundamental problem, which is not solved with Sp-STM, is to relate the magnetic moment of an atom to its spin polarization. In the case of a constant electronic structure, however, magnetization and spin polarization are proportional. As a technique that focuses on electrons, Sp-STM is well equipped to address future issues related to modern spintronic devices. 
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